Purpose: To fully quantify PET imaging outcome measures, a blood sampling pump is often used during the PET acquisition. With simultaneous PET/MR studies, a structural magnetization-prepared rapid gradient-echo (MP-RAGE) may also be acquired while the pump is generating electromagnetic noise. This study investigated whether this noise contamination would be detrimental to the quantification of volume and cortical thickness measures obtained from automated segmentation of the MP-RAGE image. Methods: MP-RAGE T1w structural images were acquired for a phantom and 10 healthy volunteers (five female, 27.2 AE 5.1 y old) with the blood sampling pump and without. The white matter signalto-noise ratio (SNR) was computed for all images. Region-wise cortical thickness and volume were extracted with Freesurfer 5.3.0. Results: The phantom SNR and the white matter human subject SNR was degraded in the MP-RAGE images acquired with the pump (P = 0.005; white matter SNR: 43.9 and 50.8 with the pump and without). Intrasession, region-wise volume and cortical thickness estimates were significantly overestimated with the pump (percent difference: 1.14 AE 2.67% for volume (P = 0.0003) and 0.34 AE 1.59% (P = 0.02) for cortical thickness). Regions with percent differences greater than 5% between pump conditions were those close to tissue-air interfaces: entorhinal, frontal pole, parsorbitalis, temporal pole, and medial orbitofrontal. Synthetically adding Gaussian noise to the without pump MP-RAGE images yielded similar, significant detriments to cortical morphometry compared to without the pump. Conclusions: This study provides evidence that the use of PET blood sampling pumps may generate unstructured, Gaussian-distributed noise in MP-RAGE images that significantly alters the accuracy of Freesurfer-derived volume and cortical thickness estimates. While many cortical regions showed a percent difference of less than 1% with the pump, regions close to tissue-air interfaces, subject to larger susceptibility artifacts, were significantly affected. This potential for decreased accuracy should be considered in PET/MR research studies utilizing blood sampling pumps, as well as any MRI study utilizing radiofrequency noise producing devices such as functional MRI task equipment and physiologic monitoring devices.
INTRODUCTION
Simultaneous PET/MR attracted significant interest due to its capability of acquiring PET and MR data at the same time. Simultaneous acquisition allows for accurate coregistration between the structural MR image and the PET time series for attenuation correction and region of interest (ROI) placement, as well as opportunities for improved PET motion correction and both temporally and spatially aligned multimodal analyses. However, in optimizing PET quantification methods, sources of electromagnetic noise such as an automated blood sampling pump are often introduced that have the potential to interfere with the time-variant radiofrequency (RF) signal necessary to generate MR images, potentially degrading the image quality of the MR images acquired. This study investigates the effect of a PET blood sampling pump on one of the most popular T1-weighted structural sequences, 3D magnetization-prepared rapid gradient-echo (MP-RAGE). 1 To arrive at fully quantitative PET outcome measures, free from reference region assumptions, an input function of the radiotracer concentration must be obtained. This input function is measured from arterial blood sampled during the PET scan via arterial catheterization. Because rapid changes in radiotracer concentration occur in the short duration postinjection, it is necessary to obtain blood samples in rapid succession during this early phase. Therefore, automated arterial sampling pumps are often used in the first 5-10 min of PET acquisition to draw blood through a catheter for radioanalysis. [2] [3] [4] Later samples are typically extracted manually, with longer time periods between draws due to slower tracer kinetics. In simultaneous brain PET/MR studies, the T1w MP-RAGE is often the first sequence acquired as it is essential for anatomical delineation in region-wise PET analyses and therefore, may be obtained in this postinjection window as well. Because the pump is powered by an electric motor (leads to electromagnetic noise), and is located close to the scanner (to cut down catheter dead volume), contamination of the MP-RAGE sequence is possible. Figure 1 is an example of the MP-RAGE noise effect generated when the pump is on, compared to without the pump. While this effect has been observed qualitatively in practice, it is currently unknown how the baseline electromagnetic noise associated with running the blood sampling pump during MR sequences affects metrics such as signal-to-noise ratio (SNR) and intrasession reliability of derived outcomes.
Within any PET study, a structural MRI sequence, such as the MP-RAGE allows for segmentation of accurate regions of interest. Whether these regions of interest are solely used for accurate PET quantification or structural information such as cortical thickness and volume are extracted for separate morphometric analyses, it is crucial to establish the accuracy of the segmentation of these regions. MP-RAGE derived structural outcome measures have been used in a number of applications including investigating brain development, 5 developing depression treatment response predictors, 6 and assessing pathological structural alterations. 7 Therefore, it is essential to assess the degree to which PET/MR associated sources of electromagnetic noise contaminate MP-RAGE sequences, leading to potential inaccuracies and instabilities in cortical thickness and volume estimates. This investigation will further seek to deduce the nature and structure of the noise present in MP-RAGE images with the pump on through simulation analyses.
MATERIALS AND METHODS

2.A. Subjects
Structural MRI acquisition was performed on (a) the standard Siemens 1900 ml saline water bottle phantom (model # 8624186; 3.75 g NISO 4 9 6H 2 O + 5 g NACL) and (b) 10 healthy volunteers (five male, five female; 27.2 AE 5.1 y old). The study protocol was approved by the Stony Brook University IRB and written informed consent was obtained from all subjects who participated in this study.
2.B. MRI imaging protocol
MP-RAGE images were acquired on a 3 T Siemens Biograph mMR at Stony Brook Medicine with a 20-channel head coil and the following parameters: TR/TE/TI = 2300/2.98/ 900 ms, Flip Angle = 9°, IPAT = 2, and voxel resolution: 0.87 9 0.87 9 0.87 mm to detect if an automated blood sampling pump used for quantitative PET imaging would affect MP-RAGE-based estimates of cortical thickness and volume. The blood sampling pump used was the remote operated MRI-compatible Harvard Apparatus syringe pump (PHD 22/2000; https://www.harvardapparatus.com/mricompatible-syringe-pump.html), which was installed consistent with the apparatus instructions -to one side of the bore with the control box located in the PET/MR control room, connected with a shielded cable. MP-RAGE images were acquired with the phantom under four conditions: (a) standard conditions without the pump -"P_out", (b) with the blood sampling pump located next to the scanner -"P_in", (c) with the pump next to the scanner and the shielded remote cable connected to the control room, but off, -"P_C_in" and (d) with the pump on -"P_on". These four conditions were tested in the phantom in order to ensure that effects to the MP-RAGE images are due to the function of the pump, rather than the installation. MP-RAGE images were acquired under two conditions in the human subjects -with the automated blood sampling pump located next to the scanner and turned on -"P_on", as well as with the pump removed from the scanner room -"P_out". placed in the image background, in close proximity to the phantom edge.
The SNR of each human subject MP-RAGE image was calculated by (a) obtaining the mean signal in a 6 mm radius circle placed in the parietal lobe white matter -S w , (see Fig. 2 for placement) and (b) obtaining the standard deviation in a 10 mm radius circle placed in the image backgroundr b , (see Fig. 2 for placement) . SNR for phantom and human subject images was then computed as SNR = 0.655*S w /r b . 8 Circles were generated and applied with in-house Matlab2014b scripts.
2.C.2. Freesurfer processing
For the two human subject condition -P_out and P_on -MP-RAGE images, cortical thickness (CT) and volume were quantified for 34 left hemisphere and 34 right hemisphere Desikan-Killiany 9 atlas regions using Freesurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu/). In brief, Freesurfer processing steps include skull-stripping, 10 Talairach transformation, subcortical gray/white matter segmentation, 11 intensity normalization, 12 gray/white matter tessellation, topology correction, 13, 14 and intensity gradient-based surface deformation to generate gray/white and gray/cerebrospinal fluid surface models. [13] [14] [15] The resulting surface models were then inflated and registered to a spherical surface atlas, allowing parcellation of cortical regions of interest. [16] [17] [18] The surface models (used to calculate volume and CT) then underwent manual inspection to ensure all scans in this analysis were free from large-scale segmentation issues. The final P_out and P_on outcomes generated were regional cortical thickness and volume computed by averaging the white matter-to-pial surface distance at all vertices within the region (CT) or summing the total volume of the region.
2.C.3. Simulation analyses
In order to characterize the source of potential observed differences between cortical thickness and volume in the P_out and P_on conditions, random, white noise was simulated within the P_out human subject images (N = 10) -simulated noise images designated as "P_sim". Because the noise in MRI images at moderate and high SNR levels, consistent with the images in this analysis, can be described by a Gaussian distribution (noise is known to be rician distributed at very low SNR values), 19 Gaussian noise was selected for the simulation analyses. Gaussian noise was added at a level consistent with observed alterations in SNR in the P_on images as compared to the P_out images. A percent difference between the SNR of the P_on and P_sim images of less than 5% was desired.
2.C.4. Statistical analyses
Two-tailed, paired t-tests were used to examine the differences between the P_out and P_on human images and the P_out and P_sim human images. Pearson's correlations were used to examine potential within-session biases generated in cortical thickness and volume (performed in Matlab 2014b; MathWorks, Natick, MA, USA). Two-tailed, paired t-tests were also used to examine the difference in cortical thickness and volume estimates across all Desikan-Killiany regions and subjects. Percent difference, calculated as the difference between the P_out and P_on human MP-RAGE estimates or between the P_out and P_sim estimates, divided by the average, was also used to assess within-session differences in each Freesurfer region (positive percent differences indicate larger volume or cortical thickness for P_on or P_sim compared to P_out). T-tests and percent differences were computed in Microsoft Excel.
RESULTS
3.A. Phantom MP-RAGE
Within the phantom MP-RAGE images, a decrease in SNR was observed between P_out and P_on of 4.64% (P_out SNR = 214.04; P_on SNR = 204.33). As compared to P_out, adding the pump -P_in -and then connecting the remote cable -P_C_in -decreased the SNR by 1.57% and 1.31%, respectively.
3.B. Human MP-RAGE
The mean white matter SNR values across the human MP-RAGE images were 41.95 AE 6.84 and 50.87 AE 7.68 (unitless) for P_on and P_out, respectively, corresponding to an average decrease in SNR of 19.2% across subjects when the pump is in the scanner room and turned on. In the P_on condition, the white matter SNR was significantly decreased as compared to P_out (P = 0.001). (Fig. 3) .
Across all subjects and Freesurfer regions, there were biases toward larger cortical volumes and thicknesses (Fig. 4) . These biases resulted in statistically significant differences between cortical volume and thickness estimates obtained with P_on compared to P_out (volume: P = 0.0003; cortical thickness: P = 0.02), where volumes and thicknesses were on average larger in the P_on condition than P_out (average volumes: 7563.88 AE 5729.78 and 7504.91 AE 5702.55 mm 3 and cortical thicknesses: 2.54 AE 0.36 and 2.53 AE 0.35 mm for P_on and P_out, respectively).
Because we observed a bias in volume and cortical thickness estimates obtained with the pump (P_on), we examined nonabsolute value percent differences to examine directionality. Percent difference results between the P_on and P_out conditions are visualized on a brain as heat-maps in Figs. 5 and 6 and shown in bar graph form in Fig. 7 . The average percent differences between conditions, across all subjects and regions, were 1.14 AE 2.67% for volume and 0.34 AE 1.59% for cortical thickness. Regions with percent differences greater than 5% were: left entorhinal, left frontal pole, left and right medial orbitofrontal, left parsorbitalis, and left and right temporal pole for volume and left temporal pole for cortical thickness. Sample left entorhinal and left medial orbitofrontal cortex segmentations and MP-RAGE images are shown in Fig. 8 .
3.C. Simulation analyses
In order to determine the source of the difference in Freesurfer estimates between P_on and P_out conditions, Gaussian noise was added to the human MP-RAGE P_out images distributed with a standard deviation of 4 (P_sim). Simulating noise in the P_out human MP-RAGE images produced SNR estimates in the P_sim images within À4.55 AE 14.03% of the 10 human MP-RAGE P_on images. A similar bias to the P_out and P_on conditions was observed when comparing P_sim to P_out in Freesurferderived cortical thickness and volume, where morphometric estimates were larger in the P_sim images than P_out images (Table I) . Furthermore, consistent with the statistically significant bias in volume and cortical thickness between P_on and P_out pump conditions, there was a significant difference in volume and cortical thickness between the P_sim and P_out images (CT: P = 0.01, Volume: P = 0.009) ( Table I ).
DISCUSSION
To perform full PET quantification with arterial blood sampling, a pump is typically located in the scanner room. While MRI-compatible syringe pumps, such as the Harvard Apparatus pump used in this investigation, are verified along MRI compatibility aspects such as patient safety and proper pump operation within the magnetic field, there is no documentation, to our knowledge, of studies examining effects of electromagnetic noise from the pump operation during MR acquisition on reliability of postprocessed outcome measures such as cortical morphometry. As simultaneous PET/MR imaging is becoming increasingly widespread, and MR data acquired during PET studies are often compared with data from MR-only imaging sessions, it is critical to characterize these potential effects. In this investigation, we found that the use of an automated blood pump yields a decrease in signal-to-noise ratio in MP-RAGE structural images in a phantom and in human subjects compared to standard conditions without a pump. We note that there is a substantial deviation in SNR estimates within the human MP-RAGE images, which may be due to potential bulk and physiological motion of the subjects. The observed decrease in SNR may contribute to the significant difference found between Freesurfer-derived cortical thickness and volume estimates derived from MP-RAGE images acquired with the pump as compared to without. In simulation analyses of the human MP-RAGE structural images, we also provide evidence to support that the noise generated in the MP-RAGE images from the pump is unstructured noise with a Gaussian distribution.
Globally, the within-session percent differences reported between the with and without pump conditions are slightly smaller than, but consistent with, previous reports using standardized test-retest, intersession conditions with no added 20 The trend that volume measurements are more susceptible to differences between conditions (either test-retest or pump changes) than cortical thickness holds consistent, most likely due to the narrow range of cortical thickness values as compared to volume.
Overall, we observed a statistically significant increase in cortical thickness and volume estimates generated with the pump on as compared to without. However, we observed that 35% of volume estimates and 34% of cortical thickness estimates were on average smaller with the pump on than without (negative percent difference -see Figs. 5, 6, and 7), with all of these regions having percent differences less than 5%. Because biases were observed in Fig. 4 , we examined this directionality in the cortical thickness and volume differences. This directionality can be observed in the heat-maps in Figs. 5 and 6 where orange-to-red regions represent larger volumes and thicknesses with the pump and cyan-to-blue regions represent smaller regions with the pump.
We attempted to understand why the pump-related noise would introduce an overall positive bias to cortical volume and thickness estimates. In the Freesurfer surface-based processing pipeline, after registration, bias field correction, and skull-stripping, voxels are classified as either white matter or non-white matter, based on intensity and neighbor constraints. A surface is then generated by tiling the outside of the white matter map. This surface is then refined following intensity gradients between white and gray matter to generate the white-to-gray matter final surface. To create the gray-topial surface, the white-to-gray surface is expanded outwards to follow intensity gradients between gray matter and cerebrospinal fluid. For more details, see Fischl and Dale 2000. 21 Because the SNR of the MP-RAGE phantom and human subject images were degraded with the blood sampling pump on, there was less contrast between the white matter, gray matter, and cerebrospinal fluid boundaries. Based on qualitative visual inspection, even in the most ideal cases, Freesurfer segmentations can extend slightly into the pial and meningeal layers due to similar T1-weighted signal contrast in gray matter and meningeal layers. Furthermore, susceptibility artifacts near tissue-air interfaces can blur the whiteto-gray matter boundary. Therefore, it is possible that the overestimation of cortical volume and thickness could be due to: (a) erosion of the white matter surface from the blur of gray matter signal intensities, (b) dilation of the gray-topial surface into the pial layers or (c) a combination of the two. It can be observed in Fig. 8 that at least in the case of FIG. 7 . Region-wise percent difference values for volume (TOP) and cortical thickness (BOTTOM) averaged across all 10 subjects for all Desikan-Killiany atlas regions. Error bars show the standard deviations across the 10 subjects for each region. 5% and À5% differences displayed with dashed blue lines. [Color figure can be viewed at wileyonlinelibrarycom] the left entorhinal cortex, the discrepancy in volume estimates is due to a classification of entorhinal white matter as cortical gray matter, leading to an overestimation of gray matter volume.
It was hypothesized that regions close to tissue-air interfaces, such as in the inferior temporal and frontal lobes, that are already greatly affected by susceptibility artifacts, would suffer further losses to tissue contrast due to the added noise generated by the blood sampling pump. This degraded tissue contrast would lead to less accurate cortical thickness and volume estimates through inaccuracies in Freesurfer white-to-gray matter and gray-to-pial surface segmentations. Concordantly, all regions with percent differences greater than 5% were in close proximity to tissue-air interfaces (examples provided in Fig. 8 ). As summarized in the results, these regions were the entorhinal, temporal pole, parsorbitalis, medial orbitofrontal, and temporal pole (shown in orange-to-red colors on the heatmaps in Figs. 5 and 6 ). All five of these regions are located in close proximity to tissue-air interfaces, namely the sphenoid, maxillary, and frontal sinuses and are relatively small regions. Conversely, cortical areas far from the large sinuses such as the lingual, precuneus, post-central, and posterior cingulate were affected minimally by the noise generated by the automated blood sampling pump.
As expected, outlier points (six visually identified on Fig. 4 ) in the regression of cortical thickness estimates between the pump conditions were all from regions identified as having greater than a 5% difference between pump conditions; these six outliers were from the temporal pole and entorhinal regions. Interestingly, outlier points in the regression of volume estimates (four visually identified on Fig. 4) were from the right hemisphere regions: precentral, superior frontal, supramarginal, and caudal middle frontal. Overall, these regions were minimally affected by the pump, with percent differences less than 5%. However, a single subject in each of these regions had a percent difference ranging from À14.5 to 54.4%, while the rest of the subjects had minimal percent differences, thereby a low percent difference was maintained when averaged over all subjects. Importantly, this intersubject variance, where some subjects' cortical volume and thickness are altered by greater than 50%, while other subjects' only change by < 1%, could have a large effect on statistical power-based sample size calculations. With a larger variance in the outcome measure of interest with the blood sampling pump on, more subjects would be required to observe statistical differences between patient groups, such as multiple sclerosis patients vs. controls, or between treatments, such as antidepressant vs. placebo groups.
To better understand the source of the inaccurate Freesurfer segmentations observed with the blood sampling pump, we simulated Gaussian-distributed noise in the without pump images, at a level generating consistent SNR decreases as when the pump was turned on. We found that Gaussian noise generated a significant positive bias in volume and cortical thickness estimates from the without pump condition. This suggests that the blood sampling pump generated unstructured, Gaussian-distributed noise within the MP-RAGE images. Furthermore, the detrimental effects of the automated blood sampling to Freesurfer-derived morphometric estimates may arise from added Gaussian noise in the MP-RAGE images.
While this study provides the first evidence, to our knowledge, of detectable differences in structural MR measures acquired during automated blood sampling, the study has some limitations. The modest sample size of 10 subjects limits the statistical power and the age range of 20-38 y old does not allow for us to address whether these structural quantification differences are constant across the lifespan. For example, the cortical atrophy seen in many elderly individuals may lead to even more pronounced segmentation inaccuracies with the additional radiofrequency noise. Further, the use of a single scanner, structural MR sequence, and blood sampling pump may limit the generalizability of this study as it is unknown how much radiofrequency contamination different automated sampling systems generate, how this type of noise affects MR systems of varying B 0 and gradient strengths, and how different MR sequences may be affected. Testing across varying PET/MR platforms, blood sampling pumps, and sequences are critical next steps.
Therefore, we provide a few recommendations for researchers using an automated blood sampling pump in simultaneous PET/MR acquisition. First, perform a pilot study as outlined here to characterize the effect of radiofrequency interference on outcome measures derived from your sequence-of-interest. Second, do not acquire MR sequences while the blood sampling pump is in use (typically the first 5-10 min of the PET scan). Third, given that the noise generated in the images appears to be unstructured, time allowing, lengthening the MP-RAGE acquisition time may help to recover SNR. While this may mitigate SNR losses, additional testing and optimization would be necessary in order to determine the effects of altering sequence parameters. Fourth, if none of these options or analyzing previously acquired data is feasible, avoid analysis of regions close to tissue-air interfaces found here to be highly influenced by the blood sampling pump, such as the entorhinal cortex, frontal pole, parsorbitalis, medial orbitofrontal cortex, and the temporal pole. With constant advances in MRI acquisition and analysis methods, accurately identifying and removing sources of noise from MR images is an increasingly important issue.
Lastly, researchers should keep in mind that any source of radiofrequency noise introduced to a simultaneous PET/MR or a standard MRI machine has the potential to influence outcome measures derived from MR acquisitions. These sources can include, but are not limited to, electronic motion detection systems, eye tracking devices, projectors to display movies or functional MRI tasks, and vital sign monitors (electrocardiogram, heart rate, pulse oximeters, electrodermal activity, etc.). Characterization of the impact of these noisegenerating systems on varying MRI sequences, such as functional MRI, diffusion MRI, arterial spin labeling, and magnetic resonance spectroscopy, could provide valuable information to ensure studies are adequately powered.
CONCLUSIONS
Overall, the accuracy of volume and cortical thickness estimates in Freesurfer Desikan-Killiany regions, as assessed by direct outcome measure and percent difference comparisons, were found to be significantly, negatively influenced by the electromagnetic noise generated by an automated PET blood sampling pump. This effect of altered Freesurferderived cortical volume and thickness estimates may be driven by the significantly decreased white matter signal-tonoise ratio in MP-RAGE images acquired with the pump. From simulation analyses, we further determined that adding Gaussian-distributed noise to standard, without pump images causes a similar detriment to cortical thickness and volume estimates as the blood sampling pump. With many studies attempting to detect brain imaging differences on the order of 5%, characterization of the effect of added noise to MR acquisition from an automated blood sampling pump, or other sources such as vital sign monitors and functional task equipment, should be performed. If this characterization is not possible, considerations should be made when analyzing regions adjacent to tissue-air interfaces to prevent the introduction of a significant bias to neuroimaging analyses.
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